Integrins containing the a2 and a3 subunits associate with the b1 subunit to form distinct receptors with partially overlapping adhesive specificities. We report the cloning and sequence of cDNAs that encode the Xenopus orthologues of integrins a2 and a3 and the expression of these subunits during embryogenesis. Integrin a2 and a3 mRNAs are first expressed in the dorsal mesoderm and developing notochord at gastrulation. We also show that a3 mRNAs are expressed in the entire marginal zone of gastrulae dorsalized with LiCl but that this localization is lost in embryos ventralized by ultraviolet light. Immunoblots reveal that the a3 protein is expressed throughout early development, however, the a2 protein is not detected until late tailbud stages. Injection of full-length a3 transcripts into the animal poles of fertilized eggs results in embryonic defects in paraxial mesoderm attributed to the failure of somites to form segments. Injection of the a3 transcripts into the vegetal pole and overexpression of a 5′-truncated a3 control construct have no apparent affect on development or somite formation. These data suggest that normal position-specific expression of integrins is important in maintaining the proper organization of tissues during early amphibian morphogenesis.
Introduction
The integrins represent a large family of heterodimeric transmembrane receptors involved in binding extracellular matrix (ECM) proteins and counter-receptors of the immunoglobulin superfamily. Integrin ligand specificity is determined in large part by the subunit composition of individual heterodimers. In mammals, 16 a and 9 b subunits have been identified thus far and shown to form more than 20 distinct receptors with diverse but often overlapping ligand-binding functions. The importance of these receptors in mediating cell adhesion, migration, cytoskeletal organization and a variety of cell-signaling events is now well established (for review see Cheresh and Mecham, 1994) .
The widespread expression and functional diversity of the integrin family suggest that these receptors are likely to participate in adhesion-dependent morphogenetic processes, including the establishment of the early embryonic body plan and the formation of tissues (DeSimone, 1994a) . Although the precise functions of most integrins expressed during development remain unclear, gene targeting experiments in mice underscore the overall importance of several of these receptors and their ligands for normal embryogenesis (Hynes, 1996) .
A number of integrins are reported to be expressed by early amphibian embryos (DeSimone, 1994b) . At least two distinct integrins, a5b1 and an aV containing receptor, are present on fertilized eggs and early cleavage stage blastomeres (Alfandari et al., 1995; Joos et al., 1995; . During gastrulation, four additional integrin a (a2, a3, a4 and a6) and two b (b3, b6) subunit mRNAs appear (Ransom et al., 1993; Whittaker and DeSimone, 1993) . The spatial patterns of integrin mRNAs zygotically expressed during gastrulation are generally non-overlapping (Whittaker and DeSimone, 1993; Joos et al., 1995; Lallier et al., 1996) , however, a5 and aV integrin receptors derived from maternal stores are widely distributed in early stage amphibian embryos (Alfandari et al., 1995; Joos et al., 1995) .
The integrin a2 and a3 subunits both pair with b1 to form distinct receptor complexes. The a2b1 receptor mediates the adhesion of a variety of cells to collagen (Santoro, 1986; Wayner and Carter, 1987; Kunicki et al., 1988) and laminin (Elices and Hemler, 1989) and has also been suggested to act as a counter receptor for a3b1 via a heterophilic adhesive mechanism (Symington et al., 1993) . Integrin a3b1 is reported to bind a variety of ECM ligands including laminin, fibronectin, collagen (Elices et al., 1991) and thrombospondin (DeFreitas et al., 1995) . The current study focuses on the expression patterns of these two receptors in development because of their partially overlapping ligand-binding specificities and their possible involvement in cell-cell adhesion At least two distinct mechanisms are likely to account for regional specification of integrin-dependent adhesive activity in the amphibian embryo (DeSimone, 1994b) . The first is the rapid functional activation of pre-existing integrins via an inside-out signaling mechanism in response to mesoderm induction . The second is the transcriptionally regulated, position-specific expression of integrins, which in some cases are synthesized as a consequence of early embryonic inductive events (Whittaker and DeSimone, 1993) . In the present study we test the importance of position-specific integrin expression in the organization of early embryonic tissues. The integrin a3 subunit is normally expressed in the notochord, endoderm and sensorial layer of the ectoderm in neurula stage Xenopus embryos (Whittaker and DeSimone, 1993; Gawantka et al., 1994) . Ectopic overexpression of a3 results in a disruption of normal somite segmentation. These data provide support for the hypothesis that position-specific integrin expression is important in the establishment of normal morphogenetic patterning in early development.
Results

Cloning of Xenopus integrin a3 cDNAs
Homology PCR methods were used to obtain a partial integrin a3 cDNA from Xenopus XTC cell line RNA (Fig.  1, PCR3 ). PCR3 encodes an open reading frame of 41 amino acids (not including primer sequences) that is 90% similar (78% identical) to the human a3 subunit (Fig. 2) . The PCR3 amplification product was used to screen available Xenopus cDNA libraries resulting in a number of partial-length a3 cDNA clones (Fig. 1) . The complete nucleotide sequence for both the MM and FF2 cDNAs was subsequently determined and is listed with GenBank under accession number L43057.
The deduced amino acid sequence of the combined MM and FF2 cDNAs (Fig. 2) represents a nearly full length a3 polypeptide that begins within the putative signal sequence and includes the sequence FNLD, which represents the beginning of the mature a3 polypeptide in mammals (Takada et al., 1991) . The FNLD sequence is followed by 948 amino acids of the extracellular domain, a 23 amino acid transmembrane domain and a short cytoplasmic Fig. 1 . Schematic of integrin a3 and a2 proteins and the corresponding Xenopus cDNAs. The hatched boxes indicate the signal sequence, solid boxes indicate the transmembrane domains and the three shaded boxes indicate the locations of the metal-binding domains. The stippled box in a2 represents the putative I-domain. The a3 PCR3 cDNA was used to obtain G, D and J from an XTC cell cDNA library. Clones FF2 and MM were obtained from the stage 45 and 17 cDNA libraries, respectively. The a2 cDNAs A3 and B9 were both obtained from the stage 17 library. B, BamH1; H, Hind3; P, Pst1; R, EcoR1; S, Sal1; X, Xho1. Fig. 2 . Comparison of the deduced amino acid sequences of the Xenopus (xa3, GenBank accession number L43057) and human (ha3, GenBank accession number M59911; Takada et al., 1991) integrin a3 subunits. Also aligned is the deduced sequence of the PCR fragment amplified from XTC cells (PCR3). Regions of identity with the complete xa3 sequence are indicated by hyphens. Gaps in the alignments are indicated by dots. Amino acid number 1 corresponds to the first amino acid in the mature a3 protein based on direct sequencing of the human a3 N-terminus (Takada et al., 1991) . Position minus32 of ha3 corresponds to the initiating methionine and the beginning of the signal sequence. The single underline at the N-terminus of ha3 corresponds to the region of the human cDNA used to prepare the hxa3 construct. Conserved cysteines (C) in the extracellular domain of xa3 are indicated in bold; an additional cysteine in xa3 is underlined (C). Potential N-linked carbohydrate addition sites in the extracellular domain of xa3 are indicated by bold dots. The putative metal-binding domains are shaded and the predicted transmembrane domain boxed. The putative dibasic cleavage site in the extracellular domain (KRRRR) is marked by crosses ( †). The C-terminal peptide used for antibody production is indicated by the double underline. domain of 37 amino acids. Three divalent cation binding regions and 18 cysteine residues are conserved in the extracellular domain. The Xenopus sequence contains one additional cysteine residue at position 326 that is not present in mammalian a3 subunits (Fig. 2) . The deduced Xenopus a3 protein sequence is 73% similar (57% identical) overall with the sequence of the human a3 (Takada et al., 1991) homologue (Table 1) .
Cloning of Xenopus integrin a2 cDNAs
We previously reported the cloning of an approximately 315 bp cDNA obtained by homology PCR that encodes a portion of the Xenopus a2 subunit (Whittaker and DeSimone, 1993 ). This PCR product was used in the current study to obtain longer cDNAs suitable for Northern and in situ hybridization analyses (Fig. 1, A3 and B9). These cDNAs encode an open reading frame of 780 amino acids, which corresponds to the C-terminal two-thirds of the a2 subunit. The coding region is followed by 74 bp of 3′ untranslated sequence for a total of approximately 2.4 kbp. The deduced polypeptide sequence contains three putative divalent cation binding sites in the ectodomain but lacks the N-terminal third of the protein (Fig. 3) , which is predicted to include the I-domain present in mammalian a2 subunits. The Xenopus a2 sequence is 72-74% similar to the human (Takada and Hemler, 1989) , bovine (Kamata et al., 1994) and murine (Wu and Santoro, 1994) a2 subunits along their regions of overlap (Table 1 ). The partial nucleotide sequence of the Xenopus a2 subunit is listed with GenBank under accession number L43058.
Northern blot analysis reveals the presence of multiple a3 and a2 transcripts
Transcripts for both the a3 and a2 subunits were first detected by Northern blot during neurulation (Fig. 4A,B) . Using high stringency hybridization conditions we observed the presence of a major a3 transcript of 5.5 kb along with a weaker signal at approximately 6 kb (Fig. 4A) . Similarly, transcripts of 7.6 kb and 6.0 kb were detected when the same blot was stripped and re-probed with an a2 cDNA (Fig. 4B) . It is likely that these transcripts represent closely related psuedoalleles that differ primarily in their 5′ and 3′ untranslated sequences but are highly conserved in their coding regions. A similar result was reported for the Xenopus b1 transcript (DeSimone and and likely reflects divergence of these psuedoalleles following the tetraploidization of the Xenopus genome some 30-50 million years ago (Kobel and DuPasquier, 1986) .
The Northern blot results also confirm that the cDNAs reported in Fig. 1 represent partial clones. The apparent transcript sizes indicate that at least 700 bp of 5′ end nucleotide sequence are missing from the cloned a3 cDNAs. Similarly, at least 3.6 kb of the a2 mRNA are absent from the cDNAs shown in Fig. 1. 
Integrin a2 and a3 transcripts are co-expressed in the notochord beginning at gastrulation
Integrin a2 transcripts are first detected in the developing notochord during gastrulation (Fig. 5A) . In contrast to a3 expression, however, a2 mRNAs are restricted to the posterior aspect of the notochord throughout early development (Fig. 5A-C) . During neurulation, the a2 specific staining decreases overall and appears more diffuse in lateral views but remains associated with only the caudal-most 25% of the notochord (Fig. 5B) . In tailbud and tadpole stage embryos a2 transcripts are limited to the posterior tip of the notochord in the extending tail (Fig. 5C ) coincident with a3 (Whittaker and DeSimone, 1993) .
The pattern of a3 transcript expression observed in early embryos ( Fig. 5D ; see also Whittaker and DeSimone, 1993) suggests that this subunit is under the control of dorsal mesoderm-inducing signals. In order to investigate whether a3 expression is likely to be regulated by factors that influence the formation of mesoderm, embryos were subjected to treatments that perturb normal dorsal/ventral axial patterning. Embryos were dorsalized by treatment with 0.1 M LiCl (Kao and Elinson, 1988) or ventralized by irradiating fertilized eggs with UV light (10 5 mJ/cm 2 ultraviolet light, lmax 254 nm) (Smith and Harland, 1991) . Dorsalized gastrula stage embryos expressed a3 in a circumblastoporal ring corresponding to the entire marginal zone (Fig. 5E ). In contrast, a3 transcripts were not detected in comparably staged UV ventralized embryos (Fig. 5F ). Because of the relatively low levels of a2 expressed at these stages we have been unable to determine whether localization of this transcript is altered in dorsalized or ventralized embryos.
Characterization of antibodies directed against Xenopus a2 and a3
Synthetic peptides corresponding to the C-terminal 20 amino acids of the Xenopus a3 and a2 cytoplasmic domains (Figs. 2 and 3, double underlines) were coupled to KLH and used to generate rabbit antibodies. Sera from both a3 (D3F) and a2 (D5F) injected rabbits recognized multiple minor proteins in addition to major bands of 140 and 160 kDa, respectively, on Western blots of tailbud (St35) and tadpole (St45) stage extracts under non-reducing conditions (Fig.  6A,B) . Following peptide affinity-column purification the anti-a3 antibody (D3FAP) recognized only a 140 kDa a3 doublet (mature and immature forms of the subunit) from the total stage 35 protein extract (Fig. 6A) . Similarly, the affinity purified anti-a2 antibody (D5FAP) bound a single 160 kDa band from the stage 45 total protein extract (Fig.  6B ). All subsequent analyses of a3 and a2 protein were performed using the affinity purified antibodies D3FAP and D5FAP. Table 1 Comparisons of integrin a subunit protein sequences
Hamster a3
Human a3 Xenopus a3 74 (56) 74 (57) Human a2 Bovine a2 Murine a2
Xenopus a2 a 74 (58) 72 (56) 72 (56) Values are amino acid similarity (identity) and are expressed as percentages. a Partial sequence comparison based on corresponding region of overlap.
The a3 subunit can also be co-immunoprecipitated from Xenopus XTC cell extracts using a Xenopus integrin b1 specific monoclonal antibody (8C8; Gawantka et al., 1992) . b1 (8C8) immunoprecipitates were separated by SDS-PAGE under reducing and non-reducing conditions, Western blotted and incubated with the D3FAP antibody ( Fig. 6A, XTC) . A single 140 kDa band was detected on blots of non-reduced immunoprecipitates but not samples run under reducing conditions. These data indicate that Xenopus a3, like its mammalian and avian homologues, is post-translationally processed into two fragments of 115 and 25 kDa joined together by a disulfide linkage. The epitope recognized by D3FAP is located in the putative 25 kDa Cterminal fragment that runs off the gel in the presence of Fig. 3 . Alignment of the partial deduced amino acid sequence of the Xenopus integrin a2 subunit (xa2, GenBank accession number L43058) and the corresponding segment of the human integrin a2 subunit (ha2, GenBank accession number X17033; Takada and Hemler, 1989) . Also aligned is the sequence deduced from a PCR amplified segment of the a2 subunit prepared from Xenopus embryonic stage 17 cDNA template (PCR2, GenBank accession number L10186; Whittaker and DeSimone, 1993) . Regions of identity with the xa2 sequence are indicated by hyphens. Gaps in the alignments are indicated by dots. Amino acid numbering corresponds to the complete human a2 sequence (Takada and Hemler, 1989) . Conserved cysteines (C) in the extracellular domain of xa2 are indicated in bold; an additional cysteine in xa2 is underlined (C). Potential N-linked carbohydrate addition sites in the extracellular domain of xa2 are indicated by bold dots. The putative metal-binding domains are shaded and the predicted transmembrane domain boxed. The C-terminal peptide used for antibody production is indicated by the double underline.
DTT. Consistent with these data is the presence of a characteristic dibasic cleavage site in the Xenopus a3 sequence (KRRRR; Fig. 2 ) in the same approximate location as that predicted for other cleaved a subunits. The Xenopus a2 subunit is not cleaved in the presence of DTT (Fig. 6B ) in agreement with that observed for the mammalian homologues of this subunit. Gawantka et al. (1994) previously reported the spatial expression of a b1 associated a subunit in Xenopus embryos using a monoclonal antibody (McAb) termed 2F10. These investigators were unable to assign a specific identity to this subunit, which was expressed in a pattern similar to that observed for the integrin a3 mRNA (Whittaker and DeSimone, 1993) . We now confirm that 2F10 specifically recognizes the a3 protein based on three lines of evidence. First, the 2F10 McAb binds only the a3 subunit on Western blots of the a3b1 receptor complex immunoprecipitated from XTC cell extracts with D3FAP (Fig. 6C) . Second, XTC cell extracts can be immunodepleted of a3b1 using D3FAP and protein-A agarose beads. The 2F10 McAb recognized a 140 kDa a3 subunit from the beads (Fig. 6D , lane 1) but not from the D3FAP immunodepleted supernatant (Fig. 6D, lane 2) . Finally, 2F10 and D3FAP each recognized a 140 kDa band from Xenopus a3 transfected 3T3 cells, which is absent in non-transfected cells (Fig. 6E) . Based on these data we conclude that the subunit recognized by the 2F10 McAb is the integrin a3 subunit.
Temporal pattern of a3 and a2 protein expression during development
Western blot analyses revealed that both a 135 and a 140 kDa D3FAP-immunoreactive a3 band are expressed at neurulation (Fig. 7A) . From fertilization through gastrulation, only the 135 kDa protein is detected. The 135 kDa protein likely represents an immature form of the a3 subunit that is absent from the cell surface at the earlier stages. We were able to detect a3 at the cell surface by stage 18 (data not shown), which corresponded with the appearance of the 140 kDa form of the protein on Western blots of similarly staged embryos (Fig. 7A) . Following an increase in expression at neurulation, overall levels of both forms of the a3 subunit remained constant at later stages. Based on these data, we conclude that the 140 kDa form of the protein represents the mature form of a3, which is complexed with the b1 subunit at the cell surface.
In contrast to a3, the a2 subunit is not detected by Western blot until after stage 35 (Fig. 7B ). This result indicates that the expression of the a2 mRNA (Figs. 4B and 5; see also Whittaker and DeSimone, 1993) precedes that of the protein by at least 36 h (i.e. time between stages 12 and 35). It is possible, however, that we were unable to detect by Western blot very low levels of a2 expressed at these earlier stages.
Ectopic expression of the integrin a3 subunit results in disruption of normal somite organization
The restricted pattern of a3 mRNA (Whittaker and DeSimone, 1993 ) and protein expression (Gawantka et al., 1994) during neurulation suggest that a3b1 may play a role in the organization of early embryonic tissues. If this hypothesis is correct then disruptions in the normal pattern of a3 expression would be predicted to alter normal adhesive interactions and possibly morphogenesis. In order to investigate this possibility, the a3 subunit was ectopically overexpressed in early stage embryos by injection of a3 transcripts. Injected embryos were monitored for changes in overall morphology by whole-mount immunostaining and histological analyses of sectioned embryos.
Integrin a3 full-length (hxa3) and 1.5 kb 5′ codingregion deleted (txa3) transcripts (Fig. 8A) were microin- jected into the animal hemispheres of one-cell stage embryos. Injected embryos were cultured to stage 9 for biochemical studies and up to stage 32 in order to identify changes in normal development. Immunoblots from injected and non-injected embryos at stage 9 (Fig. 8B) show that only hxa3 transcripts were efficiently translated into a3 protein of the expected size. No new a3 translation products were detected from embryos injected with the txa3 control transcript or from non-injected embryos, however, the faint 140 kDa a3 band apparent in these lanes represents the endogenous integrin a3 subunit. Protein levels were normalized by blotting identical gels with the anti-b1 8C8 monoclonal antibody, which shows that the same amount of protein was loaded in each lane (Fig. 8B ). This experiment confirms that the integrin a3 transcript is translated at high levels relative to the endogenous a3 protein in injected embryos.
Embryos injected with the full-length hxa3 construct appear normal through gastrula and neurula stages. Obvious defects first appear at stage 25 in 38% of the hxa3 injected embryos ( Table 2 ). The most striking phenotypes include a decrease in length along the antero-posterior axis, defects in motility and a disruption in the segmentation of somite tissue compared with that of control embryos injected with the Embryos treated with UV light lack detectable a3 staining. Labeled sense transcripts for both a2 and a3 were included as specificity controls in parallel hybridizations for each experiment (data not shown). y, yolk plug; bc, blastocoel; ar, archenteron. truncated transcript (Fig. 9) . Whole-mount embryos were immunostained with the muscle-specific McAb 12-101 (Kintner and Brockes, 1984) and processed for histological analyses. Immunostaining with 12-101 indicated that somite organization was chaotic in embryos overexpressing a3 (Fig. 9C ). This phenotype is specific for a3 overexpression because txa3 injected control embryos lack similar defects ( Fig. 9A,B ; Table 2 ). When the hxa3 transcript was injected into the vegetal hemisphere instead of the animal hemisphere the resulting embryos appeared normal (Table 2) . This demonstrates that the hxa3 translation product is not toxic to the embryo and only causes defects when expressed in the animal hemisphere, which includes those regions that will give rise to dorsal axial structures (e.g. notochord, neural tube and somites).
Further analysis of the somite phenotype in injected embryos was obtained by hematoxylin and eosin (H&E) staining of paraffin sectioned embryos. Control embryos showed a regular segmentation pattern (Fig. 9B,E) . The a3 injected embryos lacked clear segregation between somitic blocks (Fig. 9D,F) compared to control embryos (Fig. 9B,E) but the myocytes were generally oriented in parallel arrays and in some cases the nuclei of these cells retained normal alignment (Fig. 9F, arrow) .
Discussion
The current investigation focuses on two integrin a subunits expressed in Xenopus embryos that share partially overlapping ligand-binding specificities. The cloning of cDNAs encoding the Xenopus a2 and a3 subunits is reported. Sequence information obtained from these cDNAs was used to analyze the similarity of the amphibian subunits to their avian and mammalian orthologues and to generate subunit specific antibodies. We report that agents that disrupt normal dorsal-ventral patterning in the embryo also affect the pattern of expression for at least one of these subunits. In addition, ectopic overexpression of a3 in early embryos leads to disruptions in somite organization, Western blots of total protein extracts derived from stage 9 embryos injected with the hxa3 or txa3 transcripts. D3FAP recognizes low levels of endogenous a3 in uninjected (U) and txa3 injected embryos. In contrast, high levels of a3 are detected in hxa3 injected embryos. The 8C8 Western blot is included as a control to demonstrate equal loading of samples from injected and non-injected embryos. suggesting that the maintenance of proper spatial patterns of integrin expression is important for normal development.
Xenopus a2 and a3 are similar to other vertebrate integrin a subunits
The deduced amino acid sequences of the Xenopus integrin a2 and a3 proteins revealed many features in common with other vertebrate a subunits. These include a large extracellular domain containing three well conserved metal-binding regions, a single transmembrane domain and a short cytoplasmic tail containing the membrane proximal sequence GFFK/RR, which is common to all other a subunits (Simon and Burridge, 1994) .
Analyses of the a3 amino acid sequence revealed a high degree of similarity with the human (74%), hamster (74%) and mouse (72%) a3 subunits ( Table 1 ). The Xenopus a2 subunit is also highly similar to known mammalian a2 sequences along the region of overlap, which corresponds to the C-terminal two-thirds of the molecule (Table 1) . These interspecies similarities are higher than that observed for different a subunits within a single species. For example, the Xenopus a2, a3, a4 (Whittaker and DeSimone, unpublished data), a5 (Joos et al., 1995) and a6 (Lallier et al., 1996) subunits are 49-57% similar to each other. In contrast, each of these subunits is 70-80% similar to their cross-species homologues. These data suggest that the sequences reported here represent the true Xenopus orthologues of the integrin a2 and a3 subunits.
a2 and a3 mRNAs are co-expressed in the notochord
Transcripts encoding a2 and a3 are first detected in the developing notochord during gastrulation (Fig. 5A,D) . The expression of a3 precedes that of a2 and extends along the entire notochord in early tailbud stages (Whittaker and DeSimone, 1993) . In contrast, a2 transcripts are only detected in the posterior third of the notochord throughout neurulation and in the early tailbud. Later in development the expression of both transcripts is limited to the extreme posterior end of the notochord in the extending tail. Interestingly, both of these a subunits dimerize exclusively with b1 to form receptors for collagens and laminins (Elices and Hemler, 1989; Elices et al., 1991) . Integrin a3b1, however, recognizes additional ligands that include thrombospondin-1 (DeFreitas et al., 1995) and fibronectin (Elices et al., 1991) . Furthermore, a3b1 has been suggested to mediate cell-cell adhesion by binding to a2b1 (Symington et al., 1993) as well as through a possible homophilic mechanism (Sriramarao et al., 1993) . The co-expression of a2 and a3 mRNA in the notochord raises the possibility that these integrins may be functioning in a cell-cell adhesive capacity during the ontogeny of this tissue. A heterophilic mechanism is unlikely, however, because a2 protein is not detected until much later in development (Fig. 7B) .
A number of ligands recognized by a3b1 are also expressed by the notochord and associated tissues. For example, fibronectin, laminin and collagen IV surround the notochord (Fey and Hausen, 1990; Krotoski and Bronner-Fraser, 1990; Bieker and Yazdani-Buicky, 1992) . In addition, thrombospondin-1 is present at the RNA level in both notochord and floor plate (Urry, Whittaker, Duquette, Lawler and DeSimone, unpublished data). The possibility exists, therefore, for a wide variety of a3-mediated adhesive interactions in the early Xenopus embryo.
Data regarding the expression of integrin a2 and a3 in other developmental systems are limited and little information is available that would correspond to the early stages of development reported here. In mice, a2 is expressed in the developing gut, cartilage and lens coincident with the latter stages of differentiation for these tissues (Wu and Santoro, 1994) . The targeted disruption of the a3 gene in mice has recently been reported (Kreidberg et al., 1996) . Homozygous a3 null animals die shortly after birth and display both kidney and lung defects but presumably the development of axial tissues (e.g. notochord) in these animals is normal. We have not observed a3 expression in the Xenopus pronephros, however, a3 is expressed in adult kidney (Hoffstrom and DeSimone, unpublished data). It is possible, therefore, that Xenopus a3 is also important for kidney development in tadpoles, possibly during metamorphosis.
The appearance of a3 mRNAs in the Spemann's organizer region and dorsal involuting mesoderm at gastrulation is of interest, in part, because of similarities to the expression patterns of a number of other genes. These include noggin (Smith and Harland, 1992) , goosecoid (Cho et al., 1991) , Xlim-1 (Taira et al., 1992) , XFKH1 (Dirksen and Jamrich, 1992) and pintallavis (Ruiz i Altaba and Jessell, 1992) . noggin encodes a cytokine that plays an important role in dorsal-ventral pattern formation (Smith and Harland, 1992) . Both noggin and a3 are expressed as low level maternal mRNAs and are first zygotically transcribed during early gastrulation. Interestingly, perturbation of dorsal-ventral axis formation affects the spatial localization of each of these mRNAs in a similar fashion. Embryos dorsalized by exposure to LiCl express a3 (Fig. 5E ) and noggin (Smith and Harland, 1992) in a circumblastoporal ring corresponding to the entire marginal zone. In contrast UV-ventralized embryos lack detectable expression of these transcripts ( Fig.  5F ; Smith and Harland, 1992) . These results suggest that localized expression of an adhesion molecule such as integrin a3 may be regulated by the same mechanism that controls the expression of signaling molecules such as noggin.
Positional alteration of a3b1 dependent adhesive function disrupts somite organization.
The observation that integrin a3 mRNA and protein are co-expressed in the notochord but not in the somites (Whittaker and DeSimone, 1993; Gawantka et al., 1994) suggests that the positional segregation of a3b1 dependent adhesive function may be important for normal morphogenesis. In order to test this hypothesis, we ectopically overexpressed integrin a3 in early stage embryos and assayed for effects on development. The most obvious phenotype observed was a disruption of somite segregation in 38% of embryos overexpressing full-length a3 but not in embryos injected with a truncated control transcript (Fig. 9 ) or in embryos that express a3 in the vegetal hemisphere (Table 2) .
Normal somitic tissue is derived from the paraxial mesoderm which is formed during gastrulation. Somitic mesoderm undergoes a series of carefully coordinated movements including convergent extension, radial intercalation, mediolateral intercalation and segmentation (Wilson et al., 1989) . Overexpression of integrin a3 may interfere with one of these steps to produce the chaotic segmentation pattern observed. Rotation of the somites seems to occur normally in affected embryos, however, because lateral alignment of myocytes and their nuclei along the anteroposterior axis is frequently observed (Fig. 9F) . Overexpression of a3 may instead be acting by altering normal adhesive interactions between each myotomal block to perturb somite segregation.
Fibronectin and laminin are known to function as ligands for integrin a3b1. These ECM proteins are expressed in Xenopus somites where they may serve to anchor migrating presomitic cells and maintain segmental boundaries (Wedlich et al., 1989; Hens and DeSimone, 1995) . Expression of fibronectin and laminin is disrupted during heat shock (Danker et al., 1992) , which is also reported to affect somite organization (Pearson and Elsdale, 1979) . Similar disruptions of somites have been observed following overexpression of the Xenopus homeobox gene XhoX-1A (Harvey and Melton, 1988) , which is the homologue of the deformed gene in Drosophila. Somite differentiation to muscle appears to be unaffected in embryos injected with either a3 (Fig. 9C) or XhoX-1A (Harvey and Melton, 1988) because in each case the tissue continues to express early muscle-specific markers. These data suggest that a3, like XhoX-1A, is not affecting cell fate or patterning decisions in these embryos, but is likely to be influencing downstream morphogenetic events. One possible relationship to be explored is whether overexpression of XhoX-1A upregulates endogenous integrin a3 expression, which in turn leads to a failure in somite segmentation.
Mechanistic interpretations of the results obtained in the current study include the possibility that ectopic expression of a3b1 leads to a 'gain-of-function' phenotype that disrupts normal adhesive interactions in the paraxial mesoderm. It is also possible that overexpression of the a3 subunit may act in a dominant-negative fashion by competing with endogenous a subunits for a limited number of b1 subunits. This scenario is unlikely because overexpression of other a subunits, including a6 (Lallier et al., 1996) and a4 (Whittaker and DeSimone, unpublished data) has no noticeable effect on somite organization or normal development. Another possibility is that a3b1 binding of ligands in ectopic locations suppresses endogenous integrin function through a transdominant inhibitory mechanism (Diaz-Gonzalez et al., 1996) . Ectopic expression of chimeric a subunits (e.g. the a3 ectodomain and a6 cytoplasmic domain) in future studies should help elucidate the mechanisms involved.
Experimental procedures
Preparation of Xenopus embryos
Adult wild-type and albino Xenopus laevis were procured from Xenopus I (Ann Arbor, MI). Eggs were fertilized in vitro (Newport and Kirschner, 1982) and dejelled in 2% cysteine (pH 7.8). Embryos were maintained in 0.1× modified Barth's saline (MBS) and staged according to Nieuwkoop and Faber (1994) . Dorsalized embryos were prepared by treating with LiCl as described by Smith and Harland (1991) . Embryos were ventralized by ultraviolet irradiation using a Stratagene Stratalinker 1800 according to Smith and Harland (1992) .
cDNA cloning and sequencing
Total RNA was isolated from Xenopus XTC cells (Pudney et al., 1973) using the method of Chirgwin et al. (1979) . XTC cell RNA was used as template for reverse transcription and PCR amplification as described previously (Ransom et al., 1993; Whittaker and DeSimone, 1993) . Degenerate oligodeoxynucleotides corresponding to the human a3 amino acid sequences (Takada et al., 1991) 118 IIEDMWLG 125 (a3 forward: 5′-GATCGAATTCGG-TAA(T\C)(A\T)(G\C)IACITT(T\C)ATI-3′) and 378 DINQ-DGFQDI 387 (a3 reverse: 5′-GTCAAAGCTTTCIGTIA (G\A)IG(G\T)(T\C)TCIGT(T\C)TC-3′) were used as amplification primers. An approximately 180 bp amplification product (Fig. 1, PCR3 ) was obtained, which was smaller than the predicted size of 800 bp due to hybridization of the reverse primer to a sequence approximately 600 bp 5′ of the intended target sequence (data not shown).
A 5′ BamH1 fragment of the XTC-cell cDNA clone G was subsequently used to obtain clone FF2 from a l ZAP II library prepared from Xenopus stage 45 cDNA according to the manufacturer's instructions (Stratagene). In attempts to obtain clones corresponding to the 5′ end of the a3 mRNA, an approximately 200 bp EcoRI piece of the cDNA FF2 was used to obtain the MM cDNA from a Xenopus stage 17 library in lgt10 (Kintner and Melton, 1987) . The stage 17 library was also screened for a2 cDNAs using a previously amplified Xenopus a2 partial cDNA as hybridization probe (Whittaker and DeSimone, 1993) .
The ends of each cDNA clone were sequenced to confirm identity and orientation using the dideoxynucleotide chain termination method of Sanger et al. (1977) . Complete nucleotide sequence was obtained for the a3 cDNAs FF2 and MM and the a2 cDNAs A3 and B9. Sequence analysis was performed using the UWGCG program (Devereux et al., 1984) .
Northern blot and in situ hybridizations
RNAs were prepared from staged embryos using the method of Melton and Cortese (1979) . Total RNA (20 mg/ lane) was electrophoresed on a 1.2% agarose/formaldehyde gel and transferred to nylon membranes. The Northern blot was hybridized under high stringency conditions (DeSimone and Hynes, 1988) using a [ 32 P]dCTP labeled a3 cDNA probe prepared from a SacI fragment of the FF2 cDNA. The same blot was subsequently stripped and reprobed with the [ 32 P]dCTP labeled a2 cDNA A3. Wholemount in situ hybridization was carried out using albino embryos according to the method of Harland (1991) as described previously (Lallier et al., 1996) . Sense and antisense probes were generated from linearized A3 cDNA for a2 transcripts or an EcoRI subclone of the FF2 cDNA (FF2DE, not shown) for a3 transcripts.
Preparation of polyclonal antibodies
Polypeptides corresponding to the C-terminal 20 amino acids of the Xenopus integrin a3 (H 2 N-CGQKAEMKVQP-SETERLTQDY-COOH) and a2 (H 2 N-CRKYQKLQK-TEEIAETTQLN-COOH) cytoplasmic domains were synthesized by Quality Controlled Biochemicals (Hopkinton, MA). The peptides were coupled to keyhole limpet hemocyanin (KLH) via an N-terminal cysteine and injected into rabbits as described by Marcantonio and Hynes (1988) .
Antibodies were purified on affinity columns prepared by coupling 1 mg of the a2 or a3 synthetic peptides with 0.5 ml epoxy-sepharose (Pharmacia) according to the manufacturer's instructions. Bound antibodies (D3FAP and D5FAP) were eluted in 3N potassium thiocyanate containing 50 mM Tris (pH 7.4), dialyzed in PBS-azide and concentrated using centriprep 100 concentrators (Amicon). The 8C8 and 2F10 monoclonal antibodies were generously provided by Dr Peter Hausen (Gawantka et al., 1992; Gawantka et al., 1994) . The 363 anti-b1 cytoplasmic domain antibody is described in Marcantonio and Hynes (1988) .
Preparation of embryo and cell extracts
Embryos and cultured cells were solubilized in embryo lysis buffer (ESB: 100 mM NaCl, 50 mM Tris-HCl (pH 7.5), 1% NP-40, 2 mM phenylmethyl-sulfonylfluoride and 1 mg/ml each of aprotinin, leupeptin and pepstatin) and yolk protein was removed as described previously (Evans and Kay, 1991; Hens and DeSimone, 1995) . SDS-PAGE was performed using 7% acrylamide gels and the proteins were electrophoretically transferred to nitrocellulose membranes. After blocking in buffer containing 0.05% Tween-20, 5% low fat milk and 10% normal goat serum, the blots were then incubated in the same buffer containing D3FAP or D5FAP (36 mg/ml) followed by secondary peroxidaseconjugated antibody (1:10 000; Amersham). Binding was detected using the enhanced chemiluminescence (ECL) Western blot detection system (Amersham). Cells were processed for immunoprecipitation as described in Hens and DeSimone (1995) .
Xenopus a3 transcript synthesis and microinjection
A full-length integrin a3 cDNA suitable for expression studies was constructed as follows. An EcoRI fragment of the integrin a3 clone J was ligated to EcoRI cut FF2 cDNA in the pBluescript SK − vector to obtain xa3. The signal sequence from the human integrin a3 cDNA (Takada et al., 1991) was amplified by PCR and ligated in frame to SmaI cut xa3 to obtain hxa3. The 4.2 kb hxa3 cDNA was then cut with SalI and blunt-end ligated into the pSP64T vector (Krieg and Melton, 1984) . A control construct (txa3) was prepared by deleting a 1.5 kb 5′ HindIII fragment from the hxa3 construct in pSP64T. Capped RNA was synthesized in vitro from XbaI linearized templates using standard procedures (Wormington, 1991) . Embryos were injected with 1 ng RNA into the animal or vegetal hemispheres at the one-cell stage.
Transfection of NIH 3T3 cells with Xenopus a3
The 4.2 kb hxa3 cDNA construct was inserted into the SmaI site of the pLEN/PECE expression vector (gift of Dr Paul Johnson, UCSF) to obtain pphxa3. NIH 3T3 cells (5 × 10 6 ) were plated in 60 mm dishes and co-transfected with 20 mg pphxa3 plasmid DNA and 2 mg pSV2neo DNA as a calcium phosphate precipitate (Southern and Berg, 1982) . Control dishes were transfected with pSV2neo alone. Stable transfectants were selected following the addition of 0.8 mg/ml G418 in DMEM. Individual colonies were isolated using a cloning ring and maintained in DMEM medium containing G418. After 2 weeks in culture, clones expressing high levels of integrin a3 were identified by immunoprecipitation using the integrin a3 polyclonal antibody (D3FAP).
Whole-mount immunostaining and histology of sectioned embryos
Wild type embryos were fixed in Dent's solution containing 10% hydrogen peroxide for 3 days and processed for whole-mount immunocytochemistry as described by Klymkowsky and Hanken (1991) . The muscle specific monoclonal antibody (12-101) (Kintner and Brockes, 1984) was kindly provided by Dr Robert Grainger (University of Virginia). Peroxidase coupled secondary antibody was obtained from Cappel. For paraffin sectioning (10 mm sections), embryos were fixed at stage 32 in Carnoy's and stained with hematoxylin and eosin as described by Kelly et al. (1991) .
